Plasmids
MS2 reporter plasmids, pAc/FLUC/per 3'UTR/6xBS and pAc/RLUC, have been described previously (6) . Full-length or deletion mutants of tyf or Atx2 cDNAs were inserted into 1) pAc/MS2-V5 to express C-terminal MS2-V5 fusion proteins in S2 cells, 2) pAc/3xF to express C-terminal 3xFLAG fusion proteins in S2 cells, 3) a modified pUAS-C5 with a C-terminal 3xFLAG tag to generate UAS-TYF-3F, UAS-TYFΔC5-3F, UAS-ATX2-3F, and UAS-ATX2ΔPAM2-3F transgenic flies. For the generation of a sitespecific transgenic fly, TYFΔC5 cDNA was inserted into a modified pUAST with attB site and C-terminal V5-tag.
RNA tethering assay S2 cells on 24-well plates were cotransfected with 5 ng of Ac/FLUC/per3'UTR/6xBS, 5 ng of Ac/RLUC, and 90 ng of Ac/MS2-V5 (or its derivatives) by Effectene transfection reagent according to manufacturer's instructions (Qiagen) or a standard calcium precipitation method. The amounts of plasmid DNA and transfection reagents were proportionally scaled up for the transfection on 6-well plates. For RNAi experiments, dsRNAs were synthesized by MEGAscript RNAi kit according to the manufacturer's instructions (Invitrogen). Four or 15 μg of dsRNA was incubated with S2 cells on 24-well or 6-well plates, respectively. At 48 h later, dsRNA-treated S2 cells were cotransfected with MS2 reporters and MS2-fusion expression vector. Cells were harvested at 48 h after transfection and dual luciferase assays were performed according to the manufacturer's instructions (Promega). The rest of cell extracts were resolved by SDS-PAGE and immunoblotted with specific antibodies to confirm the knockdown of target proteins.
Immunoprecipitation (IP)
S2 cells on 100 mm dishes were transfected with expression vector for 3xFLAG-tagged proteins. Cells were harvested at 48 h after transfection, washed in PBS, and resuspended in T150 lysis buffer (25 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, protease inhibitors). For the IP from transgenic flies, ~200 fly heads were homogenized in T300 lysis buffer (25 mM Tris-Cl pH 7.5, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, protease inhibitors). After incubation at 4°C for 20 min, the salt concentration was adjusted to 200 mM. Extracts were clarified by centrifugation and incubated with pre-equilibrated anti-FLAG M2 affinity gel (Sigma) for 1.5 h at 4°C. Where indicated, extracts were pre-treated with 0.5 mg/ml of RNase A at room temperature for 5 min before the IP. The beads were washed four times with the same buffer. Bound proteins were eluted by boiling in 1x SDS sample buffer, resolved by SDS-PAGE and immunoblotted with specific antibodies. For mass spectrometric analyses (LC-MS/MS), TYF IP complexes were resolved by SDS-PAGE and visualized by SimplyBlue SafeStain (Invitrogen). TYF-C5-specific protein bands were excised from the gel and subjected to in-gel trypsin digestion before the LC-MS/MS and data analyses by Proteomics Core at Northwestern University. Alternatively, TYF IP complexes were eluted by incubating with 150 ng/μl of 3xFLAG peptide and subjected to in-solution trypsin digestion.
Antibodies
Mouse anti-AGO1 (Argonaute-1) and anti-GW182 (gifts from Dr. Siomi), mouse anti-FLAG (Sigma), mouse anti-Me31B (maternal expression at 31B) (a gift from Dr. Nakamura), mouse anti-NONA (no on or off transient A) (a gift from Dr. Saumweber), rabbit anti-ATX2 (a gift from Drs. Pallanck and Ramaswami), rabbit anti-LARK (a gift from Dr. McNeil), rabbit anti-dPABP (a gift from Dr. Sonenberg), rabbit anti-TYF (a gift from Dr. Choe), rat anti-GE-1 and anti-TRAL (trailer hitch) (gifts from Dr. Izaurralde), and rat anti-HA (Roche) were used in our protein analyses.
RNA immunoprecipitation (RIP) and quantitative RT-PCR
Two hundreds of fly heads were homogenized in a HEPES RIP buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 250 U/ml SUPERase-In, protease inhibitors). After incubation at 4°C for 20 min, head extracts were clarified by centrifugation twice and incubated with pre-equilibrated anti-FLAG M2 affinity gel (Sigma) for 1.5 h at 4°C. The beads were washed five times with the same buffer. Bound RNAs were extracted with Trizol reagent (Invitrogen), further purified by RNeasy Micro Kit (Qiagen), and then reverse transcribed by M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. cDNAs converted from input and IP RNAs were quantitatively analyzed by SsoAdvanced SYBR Green Supermix (Bio-Rad) using CFX384 Touch real-time PCR detection system (Bio-Rad).
Fly stocks and behavioral assays
Pdf-GAL4, tim-GAL4-62, and UAS-per16 transgenic flies were described previously (16) (17) (18) . A strongly hypomorphic Atx2[06490] mutant allele (Bloomington stock # 11688, denoted as Atx2 [0] in figs. S6 and S13) is homozygous lethal and has a P element insertion in a 5' untranslated region of Atx2 isoforms causing ATX2 protein expression undetectable in homozygous mutant clones (19) . Two UAS-Atx2 RNAi lines were obtained from Bloomington Drosophila stock center (TRiP line, Bloomington stock #36114) and Vienna Drosophila RNAi center (KK line, #108843). Several independent germ-line transformants were established from w 1118 embryos injected with each of UAS transgenic constructs (BestGene Inc.). UAS-TYFΔC-V5 transgene was inserted into the same attP40 landing site used for the UAS-TYF-V5 transgenic fly in our previous study (6) to pair wisely compare their difference. All flies were reared with standard cornmealyeast-agar medium at 25°C under LD (12-h light/12-h dark) cycles. Locomotor activity of individual male flies was measured using Drosophila Activity Monitors (Trikinetics). Flies were first entrained by LD cycles for 5 days and then transferred to constant dark (DD) cycles for a week to monitor circadian behaviors in the free-running condition. The period, power (P), and significance (S) values were calculated by chi-squared periodogram (29) with the confidence set to 0.05 using ClockLab analysis software (Actimetrics). The power of rhythmicity in DD behavior was measured by P-S values in individual flies and averaged for each genotype and reflects rhythm amplitude.
Immunostaining
Whole-mount immunostaining in adult fly brains was performed as described previously (6) . For primary antibodies, we used rabbit anti-PER (a gift from Dr. Rosbash), guinea pig anti-TIM (a gift from Dr. Choe), guinea pig anti-VRI (a gift from Dr. Hardin), rabbit anti-ATX2 (a gift from Drs. Pallanck and Ramaswami) and mouse anti-PDF (Developmental Studies Hybridoma Bank) antibodies. For fluorescence-conjugated secondary antibodies, anti-rabbit IgG Alexa Fluor 488 and 594, anti-guinea pig IgG Alexa Fluor 488 and 594, and anti-mouse IgG Alexa Fluor 647 antibodies (Jackson Immuno Research Laboratories, Inc.) were used. Images were obtained using confocal laser-scanning microscopes (Nikon C1). For the quantitative analysis, signal intensity from each group of clock cells was quantified using ImageJ software as described previously (6) . . TYF-ATX2 interaction is independent of PABP and RNA. (A) S2 cells were cotransfected with expression vectors for 3xHA-tagged TYF and each of 3xFLAG-tagged glutathione S-transferase (GST, negative control), wild-type ATX2 or PAM2 domain deletion (ATX2ΔPAM2). 3xFLAG-tagged proteins were immunoprecipitated from S2 cell extracts and bound proteins were probed with specific antibodies. Where indicated, cell extracts were treated with 0.5 mg/ml of RNase A prior to the immunoprecipitation (IP) with anti-FLAG antibody. (B) 3xFLAG-tagged ATX2 and ATX2ΔPAM2 were expressed in all clock neurons by tim-Gal4 (tim>). Adult flies were collected at ZT15 during a light-dark cycle (lights-on at ZT0; lights-off at ZT12). Head extracts were immunoprecipitated with anti-FLAG affinity gels and bound proteins were analyzed as in (A). n.s.
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*** Fig. S14 . Time-dependent RNA enrichment by ATX2 immunoprecipitation (IP) from fly head extracts. 3xFLAG-tagged ATX2 was expressed in all clock neurons of wild-type flies by tim-Gal4. Adult flies were collected at ZT3 or ZT15 under a LD cycle (lights-on at ZT0; lights-off at ZT12) and their head extracts were immunoprecipitated with anti-FLAG affinity gels. Bound RNAs were analyzed by quantitative real-time RT-PCR using each genespecific primer set in triplicate. (A) RNA enrichment fold was calculated by first subtracting RNA levels in control IP (tim>) from those in ATX2-3xFLAG IP (tim>ATX2-3F) and then normalizing each subtracted RNA level at ZT15 to ZT3 (except that Clk RNA levels at ZT3 were normalized to ZT15). Data represent average+/-SEM (n=3). n.s., not significant at the 0.05 level; *P<0.05, **P<0.01, ***P<0.001 as determined by Student's t test. (B) Input RNAs were separately purified from the same head extracts and similarly quantified as above. Input RNA fold was calculated by normalizing each RNA level to control (tim>, ZT3) (except that Clk RNA levels were normalized to the control at ZT15). Data represent average+/-SEM (n=3). *P<0.05, **P<0.01, ***P<0.001 as determined by one-way ANOVA, Tukey post-hoc test. Table S1 . ATX2-binding domain of TYF is required to rescue circadian behaviors in tyf mutant flies a n indicates number of flies analyzed b %R indicates percent flies with detectable rhythmicity (P-S>20) c Power is a measure of rhythmic strength d V5-tagged TYF and TYFΔC5 transgenes were inserted into the same genomic locus (attP40).
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